DAF-16͞forkhead transcription factor, the downstream target of the insulin-like signaling in Caenorhabditis elegans, is indispensable for both lifespan regulation and stress resistance. Here, we demonstrate that c-Jun N-terminal kinase (JNK) is a positive regulator of DAF-16 in both processes. Our genetic analysis suggests that the JNK pathway acts in parallel with the insulin-like signaling pathway to regulate lifespan and both pathways converge onto DAF-16. We also show that JNK-1 directly interacts with and phosphorylates DAF-16. Moreover, in response to heat stress, JNK-1 promotes the translocation of DAF-16 into the nucleus. Our findings define an interaction between two well conserved proteins, JNK-1 and DAF-16, and provide a mechanism by which JNK regulates longevity and stress resistance.
T he insulin signaling pathway plays a pivotal role in lifespan regulation and stress resistance in many diverse organisms (1) . In Caenorhabditis elegans, the phosphatidylinositol 3-kinase signaling cascade downstream of daf-2, an ortholog of the mammalian insulin and insulin-like growth factor-1 (IGF-1) receptor (2) , targets DAF-16͞forkhead transcription factor (3, 4) . DAF-16 then regulates a wide variety of genes involved in longevity, stress responses, metabolism, and development (5, 6) . In mammalian systems, other signal transduction pathways including the c-Jun N-terminal kinase (JNK) signaling pathway have been shown to couple to the insulin͞IGF-1 pathway (7) (8) (9) . The JNK family, a subgroup of the mitogen-activated protein kinase superfamily, is part of a signal transduction cascade that is activated by cytokines, including TNF and IL-1, and by exposure to environmental stresses (10) . The JNK pathway has been implicated in critical biological processes such as cancer, development, apoptosis, and cell survival (10) . In mammalian cell culture, components of the JNK signaling pathway have been shown to interact with the insulin signaling pathway through interaction with either the insulin receptor substrate 1 (7) or protein kinase B (AKT) (8, 9) . A recent observation in Drosophila also suggested that the JNK signaling pathway is involved in lifespan regulation and stress resistance, but the mechanism of JNK signaling was not established (11) . Therefore, we investigated the role of the JNK signaling pathway in lifespan regulation in C. elegans and its possible connection to the insulin-like signaling pathway.
Experimental Procedures
Strains. All strains were maintained and handled as described (12, 13) .
Strain Construction. For jkk-1; lpIn2 and mek-1; lpIn2, jkk-1 and mek-1 males were obtained by heat shock at 30°C for 6 h or spontaneously on the plate and mated to the lpIn2 hermaphrodites. From the mating plate, 20 putative F 1 cross progeny were picked to individual plates and allowed to have progeny. From at least two individual F 1 plates that segregated both rollers and nonrollers (indicating cross progeny), 20-30 F 2 rollers were picked to individual plates and allowed to have progeny. Once the parents had progeny (F 3 ), the F 2 parents were tested for hypersensitivity to CuSO 4 for mek-1 or the presence of the jkk-1 deletion mutation (5Ј-AGGAGAAAAGCAAGTTGTCG, 3Ј-GCAGCAGCTTCTCACAACAC) and jnk-1 overexpression (5Ј-ACAGTGGAACAGGAGGAGG, 3Ј-ATGCCTATCTGC-CTGAGAGC) by PCR. Then, the plates that segregated 100% rollers (F 3 ) were kept to establish the strain. The crosses were done at 20°C.
For lpIn2; daf-16::gfp and jkk-1; lpIn2; daf-16::gfp, spontaneously obtained daf-16::gfp males were mated to either lpIn2 or jkk-1; lpIn2 hermaphrodites. The crosses were done as described above except that F 2 worms were screened for both GFP and the roller phenotype.
For daf-2; lpIn1, daf-2(e1370) males were mated to lpIn1 hermaphrodites. About 20 putative F 1 roller cross progeny were transferred to 25°C and allowed to have F 2 progeny. From plates segregating rollers and nonrollers, WT and dauers, 15-20 rolling dauers were picked to individual plates and allowed to recover at 15°C. The plates were scored for 100% roller progeny in the F 3 . The rollers were then retested for dauer formation at 25°C.
Transgenic Worms. jnk-1 genomic DNA including 3 kb of the promoter region, the entire coding region, and 500 bp of 3Ј UTR was amplified from N2 genomic DNA by PCR (5Ј-GCGTC-CTCCTGTGCTCACTC, 3Ј-CCCACGACA ACTGCTA-CAAC). After gel extraction (Qiagen, Valencia, CA), the 9.3-kb fragment was injected at 50 ng͞l into the gonad of N2 worms along with pRF4 [rol-6(su1066) plasmid] as a coinjection marker (100 ng͞l) (14) to generate stable extrachromosomal transgenic lines. Two independent integrated lines (lpIn1 and lpIn2) were generated from one extrachromosomal line (lpEx1). Several extrachromosomal and integrated lines using at least two different markers were established and showed similar results (data not shown).
Lifespan Analysis. Lifespan assays were performed at 20°C. Adult hermaphrodites from each strain were transferred to fresh nematode growth medium (NGM) plates at 20°C and allowed to undergo one full generation to ensure the worms were well fed and had not gone through dauer. L4s or young adults were then transferred to new NGM plates containing 0.1 mg͞ml 5Ј-flurodeoxyuridine (FUDR) to prevent the growth of progeny (15) . Animals were tapped every 2-3 days and scored as dead when they did not respond to the platinum wire pick. We determined survival from the point when the worms were transferred to the FUDR plate, and therefore lifespan is defined as the days the worms survived (day 1). All of the lifespan assays were repeated at least three times. For lifespan analysis on RNA interference (RNAi) plates, a single colony from each RNAi clone was grown in LB broth containing 50 g͞ml ampicillin and 12.5 g͞ml tetracycline to an OD of 0.5-1.0. The bacteria were then seeded onto an NGM plate containing 1 mM isopropylthiogalactoside, 50 g͞ml ampicillin, and 0.1 mg͞ml of FUDR. Seeded plates were dried overnight at room temperature and then stored at 4°C for subsequent use.
Plasmid Construction and Transfection. Full-length daf-16 a1 and jnk-1␣ cDNAs were amplified by RT-PCR (Invitrogen) by using total RNA isolated from N2 worms (Ambion, Austin, TX). The cDNAs were cloned into the mammalian expression vector with either Flag tag (p3XFLAG-myc-CMV-26, Sigma) or Xpress tag (pcDNA3.1B, Invitrogen) to obtain Flag-tagged DAF-16 and Xpress-tagged JNK-1. Plasmids were transfected into COS-7 cells and harvested after 48 h. For determining whether DAF-16 could serve as a substrate for JNK-1, N-and C-terminal portions of DAF-16 were amplified by PCR using N2 total RNA and cloned into pET-24b vector (Novagen) between HindIII and XhoI. The His-tagged DAF-16 fusion protein was expressed in Escherichia coli (BL-21) and purified under native condition with Ni-NTA His-Bind resin (Novagen).
Antibody Production. A C-terminal portion of JNK-1␣ (amino acids 228-451) was cloned into a His-tagged expression vector (pET-24b, Novagen), expressed in bacteria [BL21(DE3)], and purified by using Ni-NTA His-bind resin (Novagen). Polyclonal antiserum was raised against the recombinant protein in rabbit (Capralogics, Hardwick, MA).
Immunoblotting, Immunoprecipitation, and Kinase Assay. For phospho-JNK immunoblotting, worms were grown on 10-cm NGM plates and ground with stainless-steel Dounce homogenizer in lysis buffer (20 mM Tris, pH 7.4͞137 mM NaCl͞2 mM EDTA͞ 10% glycerol͞1% Triton X-100͞25 mM ␤-glycerophosphate͞1 mM NaVO 3 ͞1 mM PMSF͞10 g/ml leupeptin͞10 g/ml aprotinin). Proteins were separated by SDS͞PAGE and immunoblotted with phospho-JNK antibody (Cell Signaling Technology, Beverly, MA) or JNK-1 antibody (raised against C. elegans JNK-1). For immunoprecipitation, COS-7 cells were lysed in the same lysis buffer, and after centrifugation at 14,000 ϫ g for 10 min, the supernatant was precleared with 50 l of protein G-Sepharose bead (Amersham Pharmacia). The supernatant was then incubated with anti-Xpress antibody (Sigma) along with fresh beads overnight at 4°C. After several washes, lysates were boiled with sample buffer. Proteins were separated by SDS͞ PAGE and immunoblotted with anti-Flag antibody (Invitrogen). For kinase assay, protein G-Sepharose (Pharmacia LKB) beads were incubated for 3-4 h at 4°C with anti-Xpress antibody, washed twice with the lysis buffer as described above, and then incubated with lystates of COS-7 cells transfected with Xpress-JNK-1 overnight at 4°C. Complexes were washed three times with the lysis buffer and once with kinase buffer (25 mM Hepes, pH 7.4͞25 mM ␤-glycerophosphate͞25 mM MgCl 2 ͞0.1 mM NaVO 3 ͞2 mM DTT). The kinase activity of JNK-1 was measured by adding 20 l of kinase buffer containing 50 M [␥-32 P]ATP (10 Ci͞mmol) and 1 g of the N-or C-terminal portion of DAF-16 or GST-c-Jun (amino acids 1-79) and incubating at 30°C for 30 min. The reactions were terminated by boiling in sample buffer. Proteins were resolved by SDS͞PAGE and analyzed by autoradiography.
Heat Resistance Assay and DAF-16 Translocation Assay. To measure heat stress resistance, 50 young adult worms were picked onto NGM plates and kept at 35°C. Animals were tapped every hour and scored as dead when they did not respond to the platinum wire pick. Assays were repeated at least three times. For DAF-16 translocation assay, Ϸ10-15 L4s were placed on NGM plates at 35°C. After 30 min, worms were immediately mounted onto the slide with 0.1% of sodium azide in S-basal buffer. We visualised the nuclear translocation of DAF-16 with a fluorescence microscope (Zeiss) equipped with a Hamamatsu (Middlesex, NJ) digital camera and analyzed it by OPENLAB software. We scored each animal as having cytosolic localization, nuclear localization when localization is observed throughout the entire body from head to tail, or intermediate localization when there is a visible nuclear localization but one not as complete as nuclear. The number of worms with each level of nuclear translocation was counted. The translocation assay was repeated at least five times by two different individuals.
PCR Primers Used for Cloning. The primers used were: Flag-DAF-16, 5Ј-GAAGATCTGGAGATGCTGGTAGATCAGGG, 3Ј-CGGGGTACCTTACAAATCAAAATGAATAT; Xpress-JNK-1, 5Ј-CGGGATCCGGAGGAACGATTATCCACAAC, 3Ј-GCTCTAGATCAGGAATAAATGTCATGGG; Xpress-JNK-1 (APF), 5Ј-GAGGCATTCATGATGGCTCCTTTCGT-TGTGACAAGATAC, 3Ј-GTATCTTGTCACAACGAAAG-GAGCCATCATGAATGCCTC; His-DAF-16 (N-terminal fragment), 5Ј-CCCAAGCTTGGCCTATACGGGAGCAAT-GAGC, 3Ј-CCGCTCGAGCGGACGGA A AGATGATG-GA ACG; and His-DAF-16 (C-terminal fragment), 5Ј-CCCA AGCT TGGCGGAGCCA AGA AGAGGATA, 3Ј-CCGCTCGAGCGCAATTGGAAGAGCCGATGAA.
Results and Discussion
Several orthologs of JNK pathway components have been characterized in C. elegans including: a mammalian JNK ortholog, jnk-1, two MKK4͞7 (JNK kinase) orthologs, jkk-1 and mek-1, and a JIP3 (scaffold protein) ortholog, unc-16 (16) (17) (18) (19) . We started by examining the lifespan of loss-of-function mutants of jnk-1 and jkk-1. Both mutants show a statistically significant decrease in lifespan [WT, 16.8 Ϯ 0.2 days; jnk-1(gk7), 13.8 Ϯ 0.2 days (P Ͻ 0.0001); and jkk-1(km2), 13.9 Ϯ 0.2 days (P Ͻ 0.0001); Fig. 1A ]. However, mutation in the two other components of the C. elegans JNK pathway, mek-1(ks54) and unc-16(e109), show little effect on lifespan (Fig. 5 , which is published as supporting information on the PNAS web site). These data indicate that part of the JNK signaling pathway is required to maintain normal lifespan in C. elegans.
We next asked whether the lifespan regulation by jnk-1 is dose-dependent. We amplified 9.3 kb of jnk-1 genomic DNA including 3 kb of the promoter region, the entire coding region, and 500 bp of the 3Ј UTR by PCR. The entire PCR fragment was injected into the gonads of WT worms along with the coinjection marker rol-6(su1066) (14) to create jnk-1 overexpression transgenic worms. From one of several extrachromosomal lines (lpEx1), we derived two independent integrated lines (lpIn1 and lpIn2). Both lpIn1 and lpIn2 exhibit similar increases in expression of the jnk-1 transcript, as determined by RT-PCR (Fig. 6 , which is published as supporting information on the PNAS web site). lpIn1 and lpIn2 extend lifespan by 40% compared with the control, implying that jnk-1 is a positive regulator of lifespan {N2 ϩ pRF4 [rol-6(su1066) plasmid] control, 15.2 Ϯ 0.3 days; lpIn1, 20.9 Ϯ 0.6 days (P Ͻ 0.0001); and lpIn2, 18.8 Ϯ 0.5 (P Ͻ 0.0001); Fig. 1B} .
Dual phosphorylation of JNK on conserved Thr and Tyr by an upstream kinase is critical for its function (10) . Therefore, we investigated whether the phosphorylation of JNK is required for lifespan regulation. We crossed jnk-1 transgenic worms with loss-of-function mutants of upstream kinases jkk-1(km2) and mek-1(ks54) and analyzed phosphorylation status of JNK-1 by using a phospho-specific antibody that binds activated JNK. We detect more phosphorylated JNK-1 in the jnk-1 overexpression strain (lpIn2; Fig. 1C ). However, it is not detectable in either jnk-1(gk7) or jkk-1(km2) mutants. In addition, mutation in jkk-1 completely suppresses the phosphorylation of JNK-1 in jnk-1 overexpression worms (jkk-1; lpIn2; Fig. 1C ). In accordance with this result, lifespan extension by jnk-1 overexpression is also suppressed by mutation in jkk-1 (lpIn2, 18.8 Ϯ 0.5 days; jkk-1; lpIn2, 14.9 Ϯ 0.4 days; N2 ϩ pRF4 control, 15.2 Ϯ 0.3 days; Fig.  1D ). However, mutation in mek-1(ks54) alone or in combination with jnk-1 overexpression (lpIn2) does not affect JNK-1 phosphorylation (Fig. 1C) . These results show that JKK-1 is the upstream kinase of JNK-1 and phosphorylation of JNK-1 is required for lifespan extension.
In C. elegans, daf-16 plays a central role in lifespan regulation such that a mutation in daf-16 suppresses the lifespan extension of daf-2, age-1, or other long-lived mutants (20) (21) (22) (23) . Therefore, we asked whether lifespan extension by jnk-1 overexpression also depends on daf-16. We performed lifespan analysis of jnk-1 overexpression worms on daf-16 RNAi. In agreement with previous work (24) , daf-16 RNAi shortens lifespan (WT on control RNAi, 17.6 Ϯ 0.4 days; on daf-16 RNAi, 14.4 Ϯ 0.4 days; Fig. 2A) . Lifespan extension by jnk-1 overexpression is completely suppressed by daf-16 RNAi (lpIn1 on control RNAi, 19.1 Ϯ 0.6 days; on daf-16 RNAi, 14.7 Ϯ 0.4 days; Fig. 2 A) . This finding suggests that daf-16 is required for lifespan extension by jnk-1 overexpression.
If jnk-1 exerts its effect through the insulin-like pathway, jnk-1 overexpression would not have an additional effect on lifespan in the background of mutations in the insulin-like pathway. However, if combining a hypomorphic mutation in the insulinlike pathway with jnk-1 overexpression produces a further increase in lifespan, then this result would be consistent with the possibility that jnk-1 acts in a parallel pathway. We crossed a jnk-1 overexpression line (lpIn1) with daf-2(e1370) and found that the combination significantly extends lifespan beyond daf-2(e1370) [daf-2, 44.0 Ϯ 0.7 days; daf-2; lpIn1, 53.3 Ϯ 1.7 days (P Ͻ 0.0001); Fig. 2B ]. Further downstream of daf-2 in the insulin-like signaling pathway are the kinases AKT-1 and AKT-2 (25) . Because experiments in mammalian system have shown an interaction between the AKT and JNK pathways (8, 9), we examined the lifespan of lpIn1 in combination with akt-1͞akt-2. We generated a double mutant strain containing null mutations (26) (Fig. 7 , which is published as supporting information on the PNAS web site). In addition, lifespan extension by either daf-2 mutation alone or in combination with jnk-1 overexpression (lpIn1) is completely suppressed by daf- 16 (refs. 1, 3 , and 4 and data not shown). These results suggest that jnk-1 regulates lifespan in parallel to the insulin-like pathway but both converge onto daf-16. Alternatively, it is also possible that jnk-1 acts in a linear pathway by interacting with other upstream members of the insulin-like pathway. Based on our genetic studies, we next examined whether JNK-1 interacts physically with DAF-16. COS-7 cells were transfected with plasmids encoding either Flag-tagged DAF-16 alone or in combination with Xpress-tagged JNK-1. After coimmunoprecipitation with anti-Xpress antibody, we find that JNK-1 binds to DAF-16 (Fig. 3A) . We then examined whether DAF-16 could serve as a substrate for JNK-1. COS-7 cells were transfected with plasmids encoding Xpress-tagged JNK-1 that was then immunoprecipitated from the cell lysate with antiXpress antibody and incubated with bacterially expressed N-or C-terminal portions of DAF-16 as a substrate in an in vitro kinase assay. Upon activation of JNK-1 by UV, JNK-1 phosphorylates DAF-16 as well as the mammalian c-Jun protein used as a positive control (Fig. 3B) . The phosphorylation was observed only with the N-terminal (amino acids 83-307) fragment of DAF-16, but not with the C-terminal (amino acids 255-470) fragment (data not shown), implying that the JNK-1 phosphorylation site resides in the N-terminal region of DAF-16. Previously, JNK-1 was shown to be activated by dual phosphorylation on Thr-276 and Tyr-278 (17, 19) . Therefore, we created kinasedead JNK-1 construct to determine specificity by replacing TPY residues with APF and performed the in vitro kinase assay by using the N-terminal portion of DAF-16 as a substrate. The kinase-dead JNK-1 (APF) fails to phosphorylate DAF-16. This finding confirms the specificity of JNK-1 phosphorylation of DAF-16 as a substrate (Fig. 8 , which is published as supporting information on the PNAS web site). These results demonstrate that JNK-1 directly interacts with and phosphorylates DAF-16 as a separate input from AKT-1͞2 and therefore supports a parallel pathway model suggested by our genetic data.
JNK is a stress-responsive gene in diverse organisms (10, 11) . Therefore, we examined whether overexpression of jnk-1 confers stress resistance. We monitored survival of young adult worms at 35°C. Mutation in jnk-1(gk7) results in stress sensitivity when compared with WT (Fig. 9 , which is published as supporting information on the PNAS web site). jnk-1 transgenic lines show significantly increased resistance to heat stress [mean survival time: N2 ϩ pRF4 control, 10.8 Ϯ 0.2 h; lpIn1, 15.3 Ϯ 0.3 h; lpIn2, 14.4 Ϯ 0.2 h (P Ͻ 0.0001); Fig. 4A ]. In addition, jnk-1 transgenic lines significantly increase resistance to oxidative stress (Fig. 10 , which is published as supporting information on the PNAS web site).
In C. elegans, mutation in daf-2 or age-1 confers stress resistance and this resistance depends on daf-16 (27) (28) (29) . We also found that the stress resistance observed in the jnk-1 overexpression strains also depended on daf-16 (Fig. 11 , which is published as supporting information on the PNAS web site). Additionally, in response to stress, DAF-16 translocates from the cytoplasm to the nucleus (30 (31) . Our data would suggest that this is a unique input into daf-16 for regulation of lifespan and stress.
The JNK signaling pathway serves as a molecular sensor for various stresses. Upon detecting environmental cues, JNK-1 might deliver the signal to DAF-16 by direct interaction and modulation of its nuclear translocation. Once DAF-16 enters the nucleus, it enhances the expression of numerous target genes to prevent damage from any harmful stresses, which would then confer increased stress resistance and help to maintain normal life in C. elegans (Fig. 4C) . In addition, it has recently been shown that lifespan extension by Drosophila JNK also depends on D-forkhead (H. Jasper and D. Bohmann, personal communication). In summary, we present results that uncover a role of JNK as a lifespan regulator in C. elegans. We demonstrate a direct interaction between JNK-1 and DAF-16 that modulates the nuclear translocation of DAF-16. These findings provide important clues on underlying mechanism by which an animal can respond and adapt to environmental fluctuations to preserve homeostasis.
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